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from waste liquid followed by a re-use of the resulting
sulfuric acid containing liquid [8]. Strathmann proposed
a partial acid recovery with a cation selective membrane
after hydrolysis of lignocellulose with sulfuric acid, while
the other part was converted to SOx gas and subsequently
to sulfuric acid. However, membrane based technologies,
though featuring effective acid separation, require
significant investments and logistical support [9,10].
It is of note that the acid hydrolysis waste liquid
obtained as a result of MCC preparation has a relatively high
acid and low organic solid content. Thus, we postulated
that direct recycling of the waste liquid can be applied to
re-use the acid, without a damaging effect of by-products,
as long as the number of cycles is limited. However, no
direct recycling of waste liquid during MCC production has
been reported to date, apparently due to the well-known
side reactions caused by products of cellulose degradation.
Therefore in this project we have tested this hypothesis by
recycling the waste liquid several times in a lab-scale reactor
while adding only a fraction of fresh acid at the start of each
cycle except for the starting stage. The effects of the number
of acid hydrolysis waste liquid cycles were assessed on
cellulose microfibril morphology, particle size distribution,
crystallinity, yield and thermogravimetric curves. At the
same time, changes in the reducing sugar concentration
in waste liquor were monitored to explore whether this
potential value-added product could be accumulated and
used for ethanol production via fermentation.

2.2 P
 reparation of acid hydrolyzed cellulose
using recycled waste liquid

2 Materials and methods

A HITACHI S-4800-type cold field emission scanning
electron microscopy - energy dispersive spectrometer
(Japan Hitachi) was used to measure the morphology and
residual metal content of the hydrolyzed cellulose. The
average particle size and particle size distribution of the
hydrolyzed cellulose were analyzed using a Mastersizer
2000 laser particle size analyzer (Malvern Instruments
Ltd., UK). The thermal stability of hydrolyzed cellulose
was measured by a Bruker STA449F3 TG-DSC synchronous
thermal analyzer (NETZSCH, Germany). The scanning
temperature range was 35 ~ 700°C and nitrogen was used
as an inert gas. The heating rate was 10°C/min.
The crystallinity of hydrolyzed cellulose was measured
using a D/max 2200PC X-ray diffractometer (XRD) (Rigaku,
Japan). The samples were freeze-dried at –50°C for 24 h. The
crystallinity test conditions were as follows: the maximum

2.1 Raw materials and chemicals
Eucalyptus dissolved pulp was provided by Shandong
Bapubeibo Pulp and Paper Co., Ltd (Shandong, China).
Please not the raw materials for preparation of MCC are
not limited to the dissolving pulp. Dissolving pulp was
used in this study and its technical quality parameters are
shown in Table 1.
37% concentrated hydrochloric acid was purchased
from FuChen Chemical Reagent Factory (Tianjin, China).
The copper ethylenediamine solution was purchased from
China National Pulp and Paper Research Institute (Beijing,
China). All the chemicals were of analytical grade.

Dissolved pulp made of Eucalyptus was hydrolyzed using
either fresh hydrochloric acid or hydrolysis waste liquid,
which was circulated for 1 to 5 times. The acid hydrolysis
experimental conditions were set up based on our previous
research. 50 g of Eucalyptus dissolved pulp (oven dried
weight) in 750 mL of a 2.5 M hydrochloric acid solution were
placed into a KQ2200 ultrasonic cleaner (Kunshan City,
China Ultrasound Instrument Co., Ltd.) with the ultrasonic
power set at 80 W. Hydrolyzed cellulose was obtained by
sonicating the reaction mixture at 80°C for 50 min, then
the mixture was filtered and separated to obtain the liquid
acid waste and solid hydrolyzed cellulose. Solid hydrolyzed
cellulose was washed using deionized water to neutral pH
and stored for further experiments. The entire amount of
acid waste liquid was recycled for subsequent cellulose
acid hydrolysis experiments, with the addition of some
fresh acid to make up the acid loss during reaction. The
yield of acid hydrolyzed cellulose was calculated by Eq. 1:
Yield =

Dry weightof hydrolyzed cellulose (g)
Dry weightof celluloseraw material (g)

× 100% (1)

2.3 A
 nalysis and characterization of acid
hydrolyzed cellulose

Table 1: Eucalyptus dissolved pulp quality parameters.
α-cellulose content %
92.66

Degree of polymerization

Degree of crystallinity %

Whiteness % ISO

Ash content %

661

58.92

86.3

0.08
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tube voltage 60 kV, maximum tube current 80 mA, Cu Ka
radiation (λ = 0.1518 nm), Ni filter, diffraction angle 2θ scan
range 6-50°, scanning speed 2°/min. The sample crystallinity
was calculated according to Eq. 2 [11–13].
Crystallinity =

I 002 − IAm
I 002

× 100%

at the start of each cycle was calculated as the difference
between the initial and remaining acid amounts.
The error bars shown in Figures represent one
standard deviation, indicating our experimental data
have good repeatability.

(2)

where I002 is the diffraction intensity at a diffraction
angle of 2θ = 22.5° and IAm is the diffraction intensity at a
diffraction angle of 2θ = 18.0°.

2.4 S
 ugar, acid and metal content analysis
in waste liquid
The reducing sugar content in the acid waste liquid was
measured by the DNS method using a Model 722N visible
spectrophotometer (Shanghai Jingke Instrument Co., Ltd.,
China) [14]. The metal ion concentrations was determined
by the analysis of EDS spectra. The amount of acid was
assessed by titration. The amount of fresh acid to be added

3 Results and discussion
3.1 M
 icroscopic morphology of hydrolyzed
cellulose after several waste liquid
cycles
Figure 1 shows the SEM images of hydrolyzed cellulose
after several waste liquid cycles. As can be seen in
Figures 1a-d, the hydrolyzed cellulose morphology
was mainly represented by short rod-shaped particles,
similar to the data reported earlier [15,16]. Only relatively
small changes were detected between different samples.
For cellulose obtained by a single passage hydrolysis

Figure 1: SEM image of hydrolyzed cellulose under different waste liquid cycles (a) uncycled (single passage), (b) recycled three times,
(c) recycled five times, (d) an example of an agglomerated floccule.
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(uncycled), particles appeared slightly smaller (Figure 1a).
After several cycles, the particle distribution became
more uniform (Figure 1c). Perhaps, the most conspicuous
change was observed concerning the agglomerated
floccules, which appeared in all hydrolyzed cellulose
products (Figure 1d). The number of such floccules
consistently decreased with waste liquid recycling,
becoming significantly less abundant after five cycles.

3.2 E
 ffects of the number of waste liquid
cycles on the average particle size and
particle size distribution of hydrolyzed
cellulose
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and 040 planes of cellulose crystals, respectively, and so
these crystals can be assigned to typical cellulose type I [17–
21], having better mechanical properties than other cellulose
types [22]. The pulp raw material featured the same peak
positions as those of the original cellulose, regardless of the
number of waste liquid cycles, indicating that the crystal
structure of cellulose was not altered after acid hydrolysis,
with the number of waste liquid cycles having no effect.
Yet, the diffraction peaks at both the 101 and 002 crystal
planes of the hydrolyzed cellulose obtained from the recycled
waste liquid samples were stronger than those of both the
raw material and the hydrolyzed cellulose treated only once,
with fresh acid. The calculated degree of crystallinity of
hydrolyzed cellulose based on the XRD patterns is shown
in Figure 4, indicating an increase in cellulose crystallinity.

The obtained particle size distribution profiles are shown in
Figure 2. The average particle sizes of all hydrolyzed cellulose
samples, both without recycling and with a varied number
of cycles, were similar, with a maximum near 27 μm, thus
corroborating the microscopic observations. The particle size
distribution of hydrolyzed cellulose showed polydispersity,
with most of the particles being within a range of 15 to
~ 50 μm. The difference in the size distribution between the
recycled and non-recycled cellulose was not significant.

3.3 E
 ffect of waste cycles on the crystallinity
of hydrolyzed cellulose
Figure 3 shows the X-ray diffraction pattern of hydrolyzed
cellulose that underwent a varied number of waste liquid
cycles. The diffraction peaks at diffraction angles (2θ) of
15.3°, 18.2°, 22.8° and 34.7° correspond to the 101, 101, 002

Figure 3: XRD patterns of the raw material and hydrolyzed cellulose
under a varied number of waste cycles.

Figure 2: Distribution of cellulose particle size under different
waste liquid cycles.

Figure 4: Changes in the extent of crystallinity of hydrolyzed
cellulose under a varied number of waste liquid cycles.
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This qualitative observation was confirmed with quantitative
measurements. The degree of crystallinity increased slightly
yet steadily with the number of waste liquid cycles and
reached the highest value of 82.2% when the waste liquid
was recycled three times, while it was 79.4% when hydrolyzed
cellulose was prepared with fresh acid.
However, when the number of cycles continued to
increase further, the extent of crystallinity declined. After
the fifth cycle, the crystallinity of hydrolyzed cellulose
dropped sharply to 67.3%; this value failed to meet the
requirement for MCC high crystallinity. Therefore to
ensure the high quality of the final product, MCC, the
waste liquid should be recycled only up to three times.

3.4 E
 ffect of the number of waste liquid
cycles on the reducing sugar content
To determine whether the reducing sugars produced
by cellulose degradation during acid hydrolysis could
accumulate in the waste liquid upon its recycling, we
measured the changes occurring in the reducing sugar
content in waste liquid after each cycle, as shown in
Figure 5. The reducing sugar concentration in the unrecycled
waste liquid was 1.08 g/L, and then it increased with the
increase of the number of waste liquid cycles, reaching
a peak value of 3.32 g/L after the third cycle. Following
this point, the reducing sugar concentration decreased
sharply and then remained low, presumably due to its
degradation. Literature shows that the reducing sugar in
waste liquids could be further degraded into organic acids,
5-hydroxymethyl furfural and other by-products [23,24].

Figure 5: Reducing sugar concentrations in waste liquid after a
varied number of cycles.

The maximum observed reducing sugar concentration,
3.32 g/L, was much lower than that of 15-25 g/L required
for ethanol production after conventional cellulose
hydrolysis [25,26]. Thus, the use of accumulated reducing
sugar for ethanol production is technically feasible, but
not economically favorable.

3.5 E
 ffect of waste liquid recycling on the
residual metal content in hydrolyzed
cellulose
MCC has strict requirements on the heavy metal content,
which should not exceed 10 ppm (Pharmacopoeia of
the People’s Republic of China, 2015). Figure 6 shows
the metal ion concentrations in acidic waste liquid
after three cycles. As can be seen, no heavy metals were
detected in the hydrolyzed cellulose sample except for
Au, only because the surface was sprayed with gold prior
to the test.

3.6 E
 ffects of waste liquid recycling on the
yield of hydrolyzed cellulose
The yields of hydrolyzed cellulose after a varied number
of waste liquid cycles are shown in Figure 7. With the
increase in the number of waste liquid cycles, the
yield of hydrolyzed cellulose first decreased slightly,
from 92.3% to 88.7%, then increased to 91.2%. Thus,
the waste liquid recycling had little effect on the main
product yield.

Figure 6: EDS spectra of hydrolyzed cellulose after three waste
liquid cycles.
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3.7 E
 ffect of waste liquid recycling on
thermal stability of hydrolyzed cellulose
Figure 8 shows the TG curves of the resulting
hydrolyzed cellulose after a varied number of waste
liquid cycles. They all turned out to be near identical
to the curve of the product obtained with fresh acid,
indicating that the waste liquid recycling had no effect
on the thermal stability of hydrolyzed cellulose. This
information is consistent with literature stating that the
thermostability of hydrolyzed cellulose is similar to that
of natural cellulose, with the main change occurring
at 240-400°C, when pyrolytic low-molecular-weight
volatile compounds evolve [27,28].

353

3.8 Fresh acid usage
Figure 9 shows the amounts of fresh acid required for
hydrolysis after a varied number of waste liquid cycles, to
match the original acid concentration. As expected, the
recycling of waste liquor significantly reduced the amount of
fresh acid, as it was used up for hydrolysis. Yet, when the waste
liquid was recycled once, twice and three times, the amounts
of fresh acid required for acid hydrolysis were only 62.1%,
50.0% and 43.4% of the fresh acid amount, respectively.
Therefore, waste liquid recycling can significantly reduce the
production cost of hydrolyzed cellulose while also reducing
the amount of waste liquid and waste water discharge, thus
benefiting the environment. As shown above, this can be
done without sacrificing the product quality, as long as the
number of cycles does not exceed three.

4 Conclusion

Figure 7: Yield of hydrocellulose after several waste liquid cycles.

Figure 8: Thermogravimetric (TG) curves of hydrolyzed cellulose
after a varied number of waste liquid cycles.

Waste liquid recycling was shown to be feasible in the
process of cellulose acid hydrolysis. With up to three
cycles, the quality of hydrolyzed cellulose remained high.
Moreover, the degree of crystallinity of hydrolyzed cellulose
even increased slightly from 79.4% to 82.2%. The reducing
sugar concentration in the waste liquid accumulated
concomitantly, reaching the maximum value of 3.32 g/L
after three waste liquid cycles, although the ethanol
production was still not economically feasible with this
low concentration. However, waste liquid recycling can
significantly reduce the amount of fresh acid usage and
waste disposal, significantly reducing the MCC production
cost and contributing to environmental protection.

Figure 9: Fresh acid required for acid hydrolysis after a varied
number of waste liquid cycles.
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